Recent data showed improvement in progression-free survival (PFS) when adding everolimus to exemestane in patients with advanced breast cancer experiencing recurrence/progression after nonsteroidal aromatase inhibitor (AI) therapy. Here, we report clinical outcomes of combining the mammalian target of rapamycin (mTOR) inhibitor temsirolimus with letrozole in AI-naive patients.
INTRODUCTION
The selective estrogen receptor (ER) modulator tamoxifen has been the primary choice for treating ER-positive metastatic breast cancer (MBC), but ultimately most patients have disease progression. 1, 2 Aromatase inhibitors (AIs), like the nonsteroidal inhibitor letrozole, significantly inhibit estrogen biosynthesis 3 and improve clinical outcomes at least temporarily. 4, 5 Endocrine responsiveness may be lost by upregulating proliferation/ survival signal transduction pathways, like upstream signaling transmembrane growth factor receptors such as the human epidermal growth factor receptor 2 (HER2) 6 and downstream intracellular signaling such as the PI3K/Akt/mammalian target of rapamycin (mTOR) pathways. 7, 8 Modulation of these pathways may circumvent resistance mechanisms when combined with antiestrogens. 6, [9] [10] [11] [12] [13] Temsirolimus, an inhibitor of mTOR, has clinical activity as intravenous (IV) monotherapy in heavily pretreated locally advanced breast
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14 In a randomized phase II study in postmenopausal women, 9 an intermittent 30-mg oral temsirolimus schedule (daily for 5 days every 2 weeks) added to daily oral letrozole 2.5 mg was safe and reached desired blood levels with a slightly higher mean relative dose-intensity than with a 10-mg daily temsirolimus schedule. Here, we report a prospective phase III study (HORIZON) testing the efficacy/safety of adding temsirolimus to letrozole in postmenopausal women with ER-positive and/or progesterone receptor (PR) -positive (hereon described just as ER-positive) locally advanced breast cancer or MBC with no prior exposure to AIs.
PATIENTS AND METHODS

Study Design
In this multinational, randomized, double-blind phase III study of letrozole/temsirolimus or letrozole/placebo, patients were stratified by geography (United States; Western Europe, Australia, New Zealand, India, and Canada; or Asia-Pacific, Eastern Europe, Africa, and South America) and according to presence or absence of bone metastasis. Patients were randomly assigned (1:1) to letrozole 2.5 mg once daily continuously plus oral temsirolimus 30 mg or placebo once daily for 5 days every 2 weeks (one cycle). Treatment was stopped in the event of excessive toxicity or disease progression.
The study was designed by the sponsor (Wyeth) and representatives of the academic investigators. Data were collected by the sponsor's data management team and initially analyzed by the sponsor's statistical team. A medical writer contributed to the first manuscript draft. A separate independent statistical review was recommended by the academic first and last authors of this article, who then prepared all subsequent drafts aided by the statistician coauthors. All coauthors made additional contributions to the interpretation of the data and subsequent editing. No one else contributed to the manuscript.
Eligibility Criteria
Patients had histologically and/or cytologically confirmed ER-positive breast cancer with evidence of locally advanced or metastatic disease (stage IIIB/C or IV) and one or more measurable lesions by Response Evaluation Criteria in Solid Tumors (RECIST). 15 Baseline ER/PR status (and HER2 expression status, when available) was based on local testing of the most recently analyzed tissue. Patients were ineligible if they had prior adjuvant AI within 12 months before study day 1, if disease recurrence occurred during the first 6 months of adjuvant endocrine therapy, or if prior endocrine therapy (including AIs) was administered for locally advanced/MBC. Patients must have been Ն 18 years old, had a Karnofsky performance status Ն 60, life expectancy Ն 6 months, and have been postmenopausal (ie, age Ն 60 years, age Ͻ 60 and amenorrheic for Ն 12 months, age Ͻ 60 and amenorrheic for Ͻ 12 months before day 1 if luteinizing hormone/follicle-stimulating hormone values within menopausal range assuming no use of drugs that affect luteinizing hormone/follicle-stimulating hormone values, and/or prior bilateral oophorectomy or radiation castration with subsequent amenorrhea for Ն 6 months). Baseline labs required absolute neutrophil count (ANC) Ն 1,500/L, platelet count Ն 100,000/L (Ն 80,000/L in patients in China), hemoglobin Ն 8.0 g/dL, serum creatinine Յ 1.5ϫ upper limit of normal (ULN), total bilirubin Յ 1.5ϫ ULN, AST/ALT Յ 3ϫ ULN (Յ 5ϫ ULN if liver metastases present), fasting cholesterol Յ 350 mg/dL, serum triglycerides Յ 400 mg/dL, and calcium Յ 12.5 mg/dL. Patients were excluded if bone was the only site of disease, in the event of inflammatory breast cancer, or in the event of one or more prior chemotherapy regimens or more than 14 consecutive days of endocrine therapy for locally advanced/MBC.
Safety
Adverse events (AEs) were coded using the Coding Thesaurus for Adverse Reactions Terminology (COSTART) and graded according to National Cancer Institute Common Terminology Criteria, version 3.0. All patients who received one or more dose of drug were included in the safety analysis. Temsirolimus or placebo administration was withheld if ANC was less than 1,000/L or platelet counts were less than 50,000/L and for any grade 3 to 4 nonhematologic toxicity with the exception of hyperglycemia and hypercholesterolemia (for which patients should be receiving concomitant therapy) and nausea/vomiting (unless already receiving optimal antiemetic therapy). Treatment could be reinitiated within 3 weeks if ANC was Ն 1,000/L, platelets were Ն 50,000/L, and nonhematologic toxicities recovered to grade Յ 2. First dose reduction was to temsirolimus/placebo 30 mg daily for 4 days every 2 weeks and second was to 3 days every 2 weeks. Protocol therapy stopped if recovery was not achieved within 3 weeks. Letrozole dose reduction was not permitted but could be held for Յ 3 consecutive weeks if associated toxicities were present. The protocol was approved by the ethics committees/institutional review boards of each site. The study was conducted according to international standards of good clinical practice. All patients gave written informed consent.
Assessment of Outcomes
RECIST criteria were used for efficacy assessment (measurable lesions had to be two times the size of the scan reconstruction interval). Staging was done at screening and every 8 weeks.
End Points and Statistical Analysis
The primary efficacy end point was progression-free survival (PFS) of the intent-to-treat population as assessed by independent review. PFS was the time Abbreviation: HER2, human epidermal growth factor receptor 2. ‫ء‬ For patients who received at least one dose of drug, 550 in the letrozole/ temsirolimus group and 553 in the letrozole/placebo group.
†For the intent-to-treat population of 556 patients per group. from first treatment to earliest time of disease progression, symptomatic deterioration, or death. As independent assessments of progression were not completed at the time the study was stopped, investigator-assessed PFS is reported. Secondary end points included overall survival (OS), tumor response and clinical benefit, time to tumor progression, duration of response, time to treatment failure, safety, and quality of life using European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire Cancer-30 and Q-TwiST (Quality-Adjusted Time Without Symptoms of Disease or Toxicity of Treatment) methodologies. This article reports only OS, tumor response, and safety. Key predefined covariate analyses included prior adjuvant tamoxifen. Analyses of molecular markers phosphatase and tensin homolog and p27 on tissues (ϳ20% of patients) did not comply with Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK) criteria and are not reported.
A sample size of 1,236 patients (expecting 15% nonevaluable) and 726 events were needed to detect a PFS hazard ratio (HR) of 0.8 (median PFS, 11.75 v 9.4 months) favoring the investigational arm (85% power, two-sided log-rank test, 5% significance). Expected accrual time was ϳ16.4 months.
The patients and whole study team were blinded, as were Wyeth senior management personnel. An independent statistician (not part of the study team) generated the randomization sequence list with different seed numbers using SAS with proc plan procedure (SAS v9; SAS Institute, Cary, NC; Rv2.10). The generated list (with random number, stratification, and treatment information) was sent to a central computerized randomization enrollment system. Formal review and approval processes were in place before the random allocation sequence could be released. Each site received temsirolimus/placebo without treatment information directly from a group independent of the study team. In cases of emergency, the patient was unblinded via the computerized randomization enrollment system. When this occurred, the investigator notified the sponsor medical monitor immediately and documented the reason for unblinding.
Two preplanned interim analyses evaluating safety and efficacy would occur after 145 (ϳ20%) and after 363 (ϳ50%) events (disease progression or death) with appropriate adjustments and predefined terms for early success or futility. PFS/OS were estimated using the Kaplan-Meier method. 16 HRs and 95% CIs were calculated using a stratified Cox proportional hazards model. The proportional hazards assumption was assessed using a standard approach based on the Cox extended model (ie, timedependent covariates).
A planned subset analysis based on the subject's age (age Յ 65 v Ͼ 65 years) was intended but not prospectively documented before the interim analyses. Age findings reported in a 2006 San Antonio Breast Cancer Symposium poster then led the first and last academic authors to conduct exploratory and independent statistical analyses using the subpopulation treatment effect pattern plot (STEPP) methodology to illustrate graphically the relationship between age and outcome (PFS or OS) across the age continuum. Significance of treatment-effect heterogeneity as a function of age was calculated using a permutation test. 17, 18 Planning for the STEPP analyses was locked before analyses, and the 5-month PFS analysis (y-axis of Fig 4) (Fig 1) from 263 centers were randomly assigned to receive letrozole plus temsirolimus (550 treated) or letrozole plus placebo (553 treated), and ϳ10% (51 and 65 patients, respectively) had stage III disease that was considered not amenable to curative surgery and/or radiation. In March 2006, the Independent Data Monitoring Committee concluded at the second predefined interim analysis (382 events) that the study was unlikely to reach its PFS primary end point and recommended its termination. Data reported herein correspond to the final December 2006 data lock (median follow-up, 9.5 months; range, 0 to 27.2 months).
Demographic and disease characteristics were balanced (Table 1). Patients had ER-positive (96%) and/or PR-positive (73%) disease, whereas 23% in the letrozole/temsirolimus group and 18% in the letrozole/placebo group were HER2 positive. No patients had prior endocrine therapy for locally advanced/MBC. Although ϳ40% received adjuvant endocrine therapy (median duration, ϳ34 months; median time since last endocrine therapy, ϳ5 months), none had cancer recurrence during the first 6 months, nor did any patient receive adjuvant AI within 12 months of study entry. Therefore, although data on specific type of adjuvant endocrine therapy were not prospectively collected, it is assumed that they would have received tamoxifen.
Efficacy
The retrospective independent assessment of progression was not complete when the trial was stopped. Therefore, the PFS data are based on investigator assessment with a randomly assigned intent-totreat population of 1,112 patients. Overall, PFS was comparable in both groups (HR, 0.90; 95% CI, 0.76 to 1.07; P ϭ .25; Table 2 ; Fig 2A) . Median PFS (8.9 and 9.0 months, respectively) and OS were also comparable (HR, 0.89; 95% CI, 0.65 to 1.23; P ϭ .50; Table 2 ; Fig 2B) . There was no evidence of nonproportional hazards (PFS, P ϭ .43; OS, P ϭ .51). Few death events occurred by the time of this analysis because of early study termination. Most patients were censored, and median survival could not be calculated. Objective response rate (RR) was the same (27%), and 17% and 19% of patients, respectively, had stable disease Ն 24 weeks.
In a prospectively planned subset analysis, no interaction was observed between prior adjuvant endocrine therapy and treatment (P ϭ .80). PFS was comparable for both arms in patients with/without prior adjuvant endocrine therapy (HR, 0.84; 95% CI, 0.66 to 1.08; HR, 0.87; 95% CI, 0.69 to 1.11, respectively; Table 2 ).
An exploratory subset analysis by age (age Յ 65 v Ͼ 65 years) showed an interaction between age and treatment outcome (test for interaction, P ϭ .007). Patients age Յ 65 years had longer PFS with letrozole/temsirolimus (median, 9.0 v 5.6 months; HR, 0.75; 95% CI, 0.60 to 0.93; P ϭ .009; Table 2 ; Fig 3A) , whereas PFS was comparable for patients older than 65 years (median, 8.5 v 10.1 months; HR, 1.21; 95% CI, 0.92 to 1.59; P ϭ .17; Table 2 ; Fig 3B) . Consequently, exploratory STEPP analyses to further examine possible interaction of age and mTOR inhibition were performed. Figure 4 summarizes the 5-month PFS percentage for letrozole/ temsirolimus versus letrozole/placebo for subpopulations with increasing age. STEPP analyses showed a consistent PFS benefit favoring the investigational arm for younger (but not older) postmenopausal women (P ϭ .003 for interaction), and results were consistent across different time points (5-, 6-, 7-, 8-, or 9-month PFS). STEPP analyses of 5-month OS percentage across the continuum of age suggested heterogeneity in the treatment effect across varying levels of age. However, no significant treatmenteffect heterogeneity was found (P ϭ .38 for interaction at 5-month OS) regardless of the time-point (5-, 6-, 7-, 8-, or 9-month OS).
Safety
Treatment-emergent AEs (TEAEs) were mostly observed in the investigational arm (91% v 79%, respectively). Some of the most meaningful TEAEs (all grades) observed in the temsirolimus versus placebo arms, respectively, included asthenia (27% v 21% of patients), mucositis/stomatitis (up to 26% v 4%), diarrhea (21% v 9%), headache (19% v 12%), anorexia (15% v 7%), and rash (15% v 4%; Table  3 ). Grade 3 to 4 TEAEs were more common in the temsirolimus arm (37% v 24%), like hyperglycemia (4% v 1%), diarrhea (2% v 1%), mucositis/stomatitis (up to 2% v Ͻ 1%), and hyperlipemia (2% v Ͻ 1%).
More patients in the temsirolimus arm seem to have had a permanent dose reduction for AEs (24 or 4% v 10 or 1%). AEs leading to protocol therapy discontinuation in least two patients in the investigational arm were stomatitis (n ϭ 3), pulmonary embolus, increased ␥-glutamyl transpeptidase, pneumonitis, and respiratory failure (n ϭ 2 each), compared with back pain and pneumonia (n ϭ 2 each) in the control arm. Median number of cycles in the investigational arm was 10 (range, one to 42 cycles) with a mean temsirolimus relative doseintensity (pill count and patient diary) of 0.96. Patients in both arms received a median of 10 cycles of letrozole (mean letrozole relative dose-intensity of 1.0).
DISCUSSION
The HORIZON randomized placebo-controlled study tested the addition of oral temsirolimus to the nonsteroidal AI letrozole as first-line therapy in postmenopausal women with ER-positive locally advanced/MBC and did not identify any meaningful improvement in RR, PFS, or OS. The primary efficacy end point of PFS was not met, and the Independent Data Monitoring Committee recommended study termination after the second planned interim analysis. The investigational arm had more toxicities.
These findings contrast with PFS benefit observed in the Breast Cancer Trials of Oral Everolimus-2 (BOLERO-2) study that tested another mTOR inhibitor, everolimus, plus the steroidal AI exemestane. BOLERO-2 described 84% of patients as having endocrine-sensitive disease (ie, Ն 24 months of endocrine therapy before recurrence in the adjuvant setting or stabilization for Ն 24 weeks on endocrine therapy for advanced disease). 19 Although HORIZON did not prospectively define endocrine sensitivity, 40% of our patients previously received adjuvant endocrine therapy (and most such recurrences occurred during adjuvant therapy), and essentially none had received an AI as adjuvant therapy. Consequently, despite the limitations of cross-trial comparisons, key Solid horizontal black line indicates overall treatment effect, and dotted horizontal black line indicates no effect. A difference in 5-month PFS greater than 0 suggested letrozole plus temsirolimus treatment was better; otherwise, letrozole plus placebo was better (P ϭ .003 represents the P value from the interaction test).
differences in patient characteristics may explain the different PFS observed in the two trials. HORIZON essentially excluded patients previously to AIs, whereas BOLERO-2 eligibility required progression on a nonsteroidal AI during or within 12 months of completing adjuvant therapy or within 1 month if in the metastatic setting. 19 This may also explain the different response rates observed in their control arms (27% in HORIZON v 0.4% in BOLERO-2).
Temsirolimus itself or its dosing, route, and/or schedule of administration are alternative reasons to explain the different outcomes of these trials. Single-agent IV temsirolimus weekly at 75 or 300 mg IV weekly was modestly active (RR, 9%) in breast cancer (n ϭ 109), 14 with no responses seen in a smaller study (n ϭ 31, 25 mg IV weekly). 20 Regarding toxicity as a proxy for pharmacodynamic effects, a small randomized, open-label, three-arm phase II study (n ϭ 92) of letrozole Ϯ oral temsirolimus 10 mg daily or 30 mg intermittently showed similar toxicity profiles in both temsirolimus arms (ϳ42% and 57% of patients with any mucositis, respectively), with a doubling of the PFS in the intermittent arm compared with letrozole. 9 Finally, an indirect and limited comparison of the observed toxicities between BOLERO-2 (see its Table 2   19 ) and HORIZON (Table 3 of this article) suggests a similar proportional increase over placebo in the frequency of toxicities often associated with mTOR inhibitors. The overall lower frequency of toxicities seen in HORIZON may be explained by its less heavily pretreated patients.
Intrinsic tumor factors associated or not with prior AI exposure must also be considered. Temsirolimus is a highly specific mTORC1 inhibitor that does not fully suppress the PI3 kinase pathway, 21 and dual PI3K-mTOR inhibitors that inhibit all PI3K isoforms and mTOR are now being tested. Preclinical data showed that phosphatase and tensin homolog-negative cell lines were more sensitive to inhibition by temsirolimus and that temsirolimus stabilizes p27, 22 thereby inhibiting cyclin-dependent kinase activity and cell cycle progression. 23 Unfortunately, we do not report correlative data, as they did not conform to REMARK criteria. 24 A subset analysis based on the patient's age (Յ 65 v Ͼ 65 years) planned by the research team, but not prospectively documented before the interim analyses, observed an improved PFS outcome limited to those age Յ 65 years treated with the combination letrozole/temsirolimus. Therefore, the lead academic authors considered this age analysis finding exploratory and conducted an independent and detailed exploratory assessment of age as a covariate of interest by constructing overlapping subpopulations of patients with respect to age. This allowed us to observe patterns of the treatment effects across various age subpopulations. 17, 18 These exploratory STEPP analyses also showed a PFS benefit favoring letrozole/temsirolimus for younger, but not older, postmenopausal women (P ϭ .003 for interaction; Fig 4) . This hypothesisgenerating finding in AI-naive patients suggests that temsirolimus might add little to optimal first-line endocrine therapy with the AI letrozole in women most likely to be postmenopausal. Conversely, AIs may prove detrimental in women with residual ovarian function, even in the absence of menses. Limited by the absence of serial estradiol data in this trial, we speculate that suppression of extragonadal aromatase enzyme activity and lowering of circulating estradiol levels by AIs may lead to an increase in gonadotropin production via central feedback mechanism and unintentionally lead to a resumption in ovarian function that might negate therapeutic effects of endocrine therapy. This hypothesis on a possible role of temsirolimus in younger postmenopausal AI-naive patients must now be tested elsewhere. Of interest, a greater effect of temsirolimus on OS in patients younger than 65 years was observed in a separate phase III renal cell cancer trial. 25 In conclusion, despite single-agent activity when given IV in patients with advanced breast cancer, oral temsirolimus failed to improve PFS when added to letrozole in AI-naive postmenopausal patients as first-line therapy for advanced ER-positive breast cancer. This contrasts with the PFS benefit observed when everolimus was added to exemestane in patients with disease refractory/resistant to nonsteroidal AIs. 19 We speculate that prior exposure to AIs partly explains the different results observed in these two studies. Finally, we acknowledge the significant delay in the peer-review publication of the results of HORIZON (a study first reported in abstract/poster form in December 2006), which is a disservice to the scientific community, to all who support it, and ultimately to patients. 26, 27 
